Abstract -The Energetic Macroscopic Representation (EMR) has been developed in 2000 to design control of electrical systems. Since 2002 this graphical tool has been introduced to teach control of electrical systems in France, then Canada and Switzerland. A Photovoltaic Conversion System is simulated using EMR in order to present an actual and valuable example for students within renewable energy applications.
when the students have only 3 days of lectures on this topic [18] . Thus, simulation of simple systems has been developed in order to illustrate the modeling and the control methods using EMR in very short simulation sessions (typically two sessions of four hours each). First the simulation of an electric vehicle using a DC machine has been developed using EMR library and MATLABSimulink TM [15] . But other systems have to be simulated to demonstrate the flexibility of the method.
In this paper, the simulation of a Photovoltaic (PV) system is studied in order to supply a hydraulic pump. Energy is extracted from the system using a MPPT strategy and is stored in a battery pack. The pump is moved by a DC machine. The EMR of the system is described, and the control scheme is derived from the inversion of this EMR. Finally the entire system is simulated in MAT-LAB-Simulink TM using an EMR library.
II. EMR FUNDAMENTALS EMR is a graphical description exclusively based on physical causality (i.e. integral causality). This property enables an easily deduction of control scheme that can be implemented in real-time [11] , that is not the case for other graphical descriptions. Such a dynamic modeling highlights energy properties of the power components such as energy storage, energy conversion and energy distribution. Moreover, an inversion-based control can be systematically deduced from EMR, step-by-step, by inverting the elements [11] . Other model inversion based controls have been developed by a global inversion of the model and a feed-forward action to correct the error of the model. In this case, the global control can ensure an efficient behavior of the entire system, but without taking into account energetic properties or behavior of each device [19] , that can lead to common misconception [20] . Furthermore complex controllers are used to ensure a global management of all the system, which could lead to an important computation time. In the inversion-based control deduced from EMR, the control is deduced stepby-step and yields several cascaded loops in order to avoid derivative relationships, and thus, to ensure a physical and efficient energy management of each device, and to increase the robustness of the system [21] . Interaction principle -The system is decomposed in basic subsystems in interactions (Table 1) : energy sources (green ovals), accumulation elements (orange rectangles), conversion elements without energy accumulation (various pictograms) and coupling elements for energy distribution (orange overlapped pictograms). All the elements are connected according to the action and reaction principle using exchange variable (arrows). The product of action and reaction variables between two elements leads to the instantaneous power exchanged. Causality principle -As in COG [7] , only the integral causality is considered in EMR. This property leads to define accumulation elements by a time-dependant relationship between its variables: its outputs are integral functions of its inputs. Other elements are described using relationships without time dependence. In order to respect the integral causality specific association rules are used. Inversion principle -The inversion based control theory has been initiated by COG [7] . The control structure of a system is obtained from an inversion of the system modeling: the control has to define the inputs to apply to the system given the desired output (Fig. 1) . In this method, relationships which are not time-dependant (i.e. the elements without energy accumulation) are directly inverted (with neither control nor measurement). Because the derivative causality is forbidden, a direct inversion of timedependant relationships is not possible. An indirect inversion is thus made using a controller (closed-loop control) and measurements. These inversion rules have been extended to EMR (blue parallelograms, see Table 1 ): conversion elements are directly inverted, accumulation elements are inverted using controller and coupling devices are inverted using distribution inputs. It is another way to locate controllers and measurements. 
A. Studied PV system
The studied system aims to supply a pump in desert area. It is composed of PV panels, a LC filter, a boost chopper, a battery pack, a buck chopper and a DC machine to activate the pump (Fig. 2 ). 6 Solarex MSX-83 solar panels [22] are connected in parallel to represent the solar generator. The non-linear electrical characteristics of a panel are shown in the Fig. 3 and Fig. 4 . The solar irradiance G corresponds to the solar radiation power by surface unit. The battery pack has been sized in order that the system can work two days without contribution of the panels. To achieve this constraint, 16 modules in parallel are used. Each module contains 3 series-connected leadacid batteries of 12 V / 17 Ah.
B. EMR of PV system
Each component is translated into EMR elements and their inputs and outputs are defined according to the causality principle. Moreover, connection between elements has to respect the interaction principle. The subscript of a variable is associated with the element that it comes from: for example i PV is the current induced by the PV panels. The global EMR is depicted in the upper part of Fig. 7 . PV panels -The PV panels are represented by a current electrical source, which delivers a current i PV and receives by reaction with the system the DC bus voltage u C of the filter. Thanks to the non-electrical characteristics ( Fig. 3 and Fig. 4 ) the solar generator is modeled by means of a 3-dimensional interpolated table lookup with for inputs the voltage u C , the temperature T, the irradiance G and for output the current delivered i PV . 
. PV current versus capacitor voltage of a panel MSX-83 for different solar irradiance G (T = 25°C)
Filter -The inductor and capacitor of the filter store energy. They are represented by two accumulation elements (rectangle pictogram with an oblique bar) whose state variables are the current for the inductor and the voltage for the capacitor. They are then described by the following equations:
where C and r C are the capacitance and resistance of the capacitor, and L and r L are the inductance and resistance of the inductor. Choppers -The choppers are electric converters (without energy accumulation), represented by square pictograms. Both choppers are modeled in average value (the switching functions are replaced by duty cycles):
where α ch1 and α ch2 are respectively the duty cycles of the chopper 1 and 2. Instantaneous model can also been used [23] . Battery pack -In order to simplify the study the battery pack is modeled with an ideal capacitor, which represents the capacity of the batteries. Since the battery is modeled with a simple capacitor its EMR will be an equivalent accumulation element, which delivers the voltage u pack : 
where L arm and r arm are the winding inductance and resistance of the armature. It is described by an accumulation element.
The DC machine torque T dcm is obtained from i dcm . The e.m.f. e dcm is linked to the rotation speed Ω sh :
where k Φ is the torque coefficient of the electromechanical conversion (circle, multiphysical converter). Shaft -The modeling of shaft that links the DC machine with the hydraulic pump is obtained with the Newton's second law for rotational motion: (9) with J sh the moment of inertia of the shaft. It is represented by another accumulation element. Pump -The pump is of centrifugal type, its torque can be expressed according to the square of the angular speed such as:
with k pump the torque coefficient of the hydraulic pump (source element).
IV. CONTROL OF THE STUDIED PV SYSTEM

A. Inversion-based control of PV system
The control scheme of the PV system is obtained from an inversion of its EMR (see lower part of Fig. 7) . First of all, the tuning paths have to be defined. These are the causal paths from the tuning inputs to act on the system for the variables to be controlled. They are two tuning inputs, the two duty cycles of both choppers α ch1 and α ch2 .
The first objective is to extract the maximum of the solar power by acting on chopper 1. To achieve this, the DC bus voltage u C has to be controlled (see the part of the MPPT strategy). The second objective is to impose the 
where C(t) is the controller (PI, IP or other types of controllers). Since the current i L of the filter is also a state variable (2), another controller is required:
Two crossed-blue parallelograms are used as pictograms to represent (11) and (12) . Finally, the duty cycle of the boost chopper α ch1-ref is deduced from a direct inversion of (3) 
An explicit rejection of the pump torque is firstly realized from its measurement. This operation can be simplified in a second step. The reference current i dcm-ref is deduced from a direct inversion of (8):
As the winding is an accumulation element (7), its inversion requires a controller. The reference voltage u ch2-ref is thus deduced from the measurement and reference of the machine current:
In a first step, the e.m.f is explicitly rejected. It could be estimated in a second step. In the end, the duty cycle of the buck chopper 2 α ch2-ref is deduced from a direct inversion of (4) 
B. MPPT strategy
The Maximum Power Point Tracking strategy (MPPT) strategy is commonly used for the efficient usage of solar cells. The objective of this strategy is to extract the maximum power points of the solar generator (Fig. 6 and  Fig. 8) . Different strategies exist. The most known and the simplest is called "Perturb and Observe" (P&O) [24] . This strategy consists in varying the voltage u C of the panels around its initial value and to notice the power P PV (P PV = u C i PV ) variation which results from it. If a positive increase of voltage u C leads to a power P PV increase this means the obtained operating point is on the left of its Maximum Power Point (MPP). If, otherwise, a positive increase of voltage u C leads to a power P PV decrease then the operating point is on the right of the MPP. 
V. SIMULATION OF THE STUDIED PV SYSTEM
A. Simulation requirements MATLAB-Simulink TM is chosen as simulation software. The students have three programs at their disposal: an initialization program containing the PV system parameters (PV look-up table, filters, battery, and DC machine); a Simulink program with the PV source and the pump; and a Simulink library containing the EMR basic elements (Fig. 9) .
Fig. 9. EMR Library into MATLAB-Simulink
TM
The objective of the simulation is to study the PV system using a MPPT strategy to extract power from the sun, to store this energy when the pump is off, and to use this energy to impose a constant water flow when the pump is on. The students have to build the simulation model of the PV system. They have also to determine all the control structure of both parts, to tune all the controllers and to implement this control in the simulation software. Power electronics is simulated using average values. The MPPT strategy algorithm is provided.
B. Simulation sessions
Two simulation sessions of four hours each are organized. The first session is focused on the development of the simulation of the system, using the EMR library. In order to organize their simulation, the students are invited to divide their work into four steps: entering the equation for the studied system, building the EMR of the studied system, implementing the EMR into MATLABSimulink TM software and analyzing and testing. The second session is focused on the control part. To perform the deduced control into Simulink it is recommended to the students to follow three steps: step-by-step realization of the inversion-based control, implementation of the inversion-based control from EMR into Simulink and analyzing the performances. The whole Simulink program is achieved by most of the students (Fig. 10) . They can study the power extracted from the PV panel under different irradiances, the battery charge and the rotation speed of the pump Ω sh during the day (Fig. 11) and night (Fig. 12) . For more advanced students, the simulation can be improved by comparisons of different controllers, different simulation of the chopper in instantaneous values with PWM. 
VI. CONCLUSION
The use of EMR is an efficient methodology to develop student skills on control of electromechanical systems. A unified and physical modeling is developed, and inversion rules are used to find the control scheme. By using this intermediary step, they can easily connect other scientific fields such as power electronics, electrical machines, mechanics and automatic control.
The simulation of a PV System is proposed to acquire the concepts of EMR and of the system control. First the description of the system is developed in a causal and systemic way. Secondly, the control scheme is deduced and the students can better understand which variable to measure, how many controllers to use, and where they have to be located. This example is really motivating for the students because it is a renewable energy application. 
